Abstrak
Introduction
The EMC rheology properties play an important role during the encapsulation process. It is because the final physical properties of EMC and processing rely on it. Rheology is defined as the science of flow and deformation of matter [1] - [4] . The most common models of rheology are the Castro-Macosko model. It is especially used in thermoset polymer rheology [4] .
The effect of gaps between die top and mold cap surface and between adjacent dies on EMC rheology during stacked-chip scale packages (S-CSP) encapsulated was studied by Abdullah MK et al. [4] . Rheokinetic simulation of mold filling behavior, mold void and wire sweeping dependences of gate size was analyzed by Lee MW et al. [5] .
In the present study, the computational fluid dynamic (CFD) code FLUENT 6.3 [6] is used to analyze the effect of rheology on the flow behavior of the encapsulation process of PBGA. The three dimensional models are developed and analyzed by using finite volume method. Flow behavior of encapsulant is modeled by Castro-Macosko with curing kinetic model by using user ISSN: 1693-6930 TELKOMNIKA Vol. 9, No. 1, April 2011 : 27 -36 28 define functions (UDFs). Three different EMC properties namely case 1, case 2, and case 3 are studied for analyzing of fluid flow inside mold cavity. Numerical results of flow patterns and percentage of the void of the three arrangements of EMC properties are compared.
Research Method 2.1 Mathematical Model
In the simulation model, the EMC and air are assumed incompressible and the governing equations that described the fluid flow are conservation of mass, conservation of momentum and conservation of energy [7] - [8] . FLUENT normally solves the governing equations using Cartesian spatial coordinates and velocity components as listed below.
The conservation of mass or continuity equation is:
Equation (1) is the general form of the mass conservation equation and is valid for incompressible and compressible flows. Conservation of momentum in i th direction in an inertial (non-accelerating) reference frame is described by:
where, ρ is the density, u is the velocity vector, P is the static pressure, τ ij is the viscous stress tensor and g i and F i are the gravitational acceleration and external body force in the i direction, respectively. The energy equation cast in terms of h (static enthalpy) can be written as,
where k is the thermal conductivity, T is the absolute temperature and ߔ is the energy source term and it containing two contributions of polymer properties:
where µ is the viscosity and ߛሶ is the shear rate, ߙሶ is the curing rate and ∆H is the reaction heat. The molding compound was assumed to be a generalized Newtonian fluid (GNF). Several models have been used to predict the relationship between viscosity (µ) and the degree of polymerization. The Castro-Macosko model has been applied by Nguyen et al. [8] and Alpem et al. [9] is selected to use in this simulation. It is described as follows:
where T is the absolute temperature, ߛሶ is the shear rate, µ 0 the zero shear rate viscosity, ߬* is the parameter that describes the transition region between zero shear rates and the power law region of the viscosity curve, n is the power law index, α is the conversion, α g is the conversion at the gel point and C 1 and C 2 are fitting constants. 
where A 1 and A 2 are the Arrhenius pre-exponential factors, E 1 and E 2 are the activation energies, m 1 and m 2 are the reaction orders, ߙ is the curing degree of EMC, which can be defined as a ratio of the heat released to the total heat released at complete conversion [10] :
The basic idea of the VOF scheme is to locate and evolve the distribution of, say, the liquid phase by assigning for each cell in the computational grid a scalar, F, which specifies the fraction of the cell's volume occupied by liquid. Thus, F takes the value of 1 (F=1) in cell, which contains only resin, the value 0 (F=0) in cells, which are void of resin, and a value between 0 and 1 (0<F<1) in "interface" cells or referred as the resin melt front. The equation of melt front over time is governed by the following transport equation:
Numerical Simulation 2.2.1 Simulation Model and Boundary Conditions
The volume of fluid (VOF) model in FLUENT 6.3.26 is utilized to simulate the process [6] . EMC types are set at different parameters, as shown in Table 1 . Air and EMC are defined as the phases in the analysis. Implicit solution and time dependent formulation is applied for the volume fraction in every time step. The volume fraction of the encapsulation material is defined as one and zero value for air phase. Besides, viscosity Castro-Macosko model and VOF techniques are applied to track the melt front. The PBGA chip package model used in the present study and its boundary conditions are shown in Figure 1a . The boundary and initial conditions are used in the calculation are as follows [6, 7] 
The computational domain and boundary conditions
In the present study, geometry of the PBGA is modeled as a 3-D finite volume grid. The dimension of the mold model is 31 × 31 × 1 mm and the mold entrance is oppositely located to the outlet vent of the mold cavity as shown in Figure 1 (a) is considered in the present investigation. Only twelve wires bonding are considered in the wire region of the package, and the wire bonding is assumed as a rigid body in the simulation. The model is created by using GAMBIT software and average 480,000 tetrahedral elements are generated for simulation ( Figure 1b) .
In the encapsulation process, EMC is used as the molding compound. The mould temperature is set as 175 °C and 0.3 m/s of inlet v elocity is applied during the process. Table 1 summarized the material properties of the EMCs that are considered in the current simulation [8] , [10] [11] . The simulation is performed on an Intel Core 2 Duo processor E7500, 2.93 GHz with 2 GB of RAM; it took around 12 hours for each case to complete 14,000 iterations in time steps of 0.001s [8] . 
Results and Analysis
Different EMC material properties show the different flow behavior during the encapsulation process. The characteristic of EMC material in electronic packaging gives significant effect to the package during the encapsulation process such as void formation and warpage on silicon die. EMC material with highest viscosity may require the proper setting in processing parameter to reduce the void formation and filling time. Thus, the EMC characteristic may cause the unpredicted flow front profile in the encapsulation process [12] . Three types of molding compound with different material properties have been utilized in the PBGA encapsulation process which is available in the literatures. The EMC fluid behaves according to
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31 non-uniform flow profiles and viscosity variation during filling process. The behavior of molding compound is also influenced by the filler content. The filler content in the EMC gives the important effect to the warpage trend, and it is dominant in the compound properties [13] . Besides, the type and percentage of filler content also affect the thermal conductivity, thermal expansion coefficient and dielectric constants [14] . The AlN (Aluminum Nitride) filler improved the thermal conductivity until 7-8 times compared with crystalline silica at 70% of EMC volume. Figure 2 illustrates the viscosity variation versus shear rate for three different EMC material properties that were used in the present study. The curves show an exponential relation of viscosity variation where the viscosity reduces with the shear rate. EMC material is used in case 2 shows the higher than viscosity variation, followed by case 1 and case 3.
Pressure distribution during the mold filling process is also important in electronic packaging, especially for the wire bonding and lead frame. Dissimilarity of the pressures may give the undesirable effect to the wire such as serious deformation, failure or fracture; hence, reduce the package reliability. Thus, the pressure distributions during the PBGA encapsulation process are observed in the present study. Pressure distributions contour for case 1, 2 and 3 are shown in Figure 3 . The contour colors represent the pressure drop around package during the filling process; higher pressures are observed near the inlet gates and lower pressures around the outlet vent.
The pressure at all locations shows the similar pressure distribution contour for all cases of filling process. From the results, the relationship between pressure and types of EMC are obvious, case 1 with maximum viscosity (as illustrates in Figure 2 ) the higher pressure distributions. Besides, the pressure around die is found lower compare to pressure nearer to inlet gates. From the simulation analysis, case 1 (Figure 3a) filling process shows the highest pressure with comparing to case 2 (Figure 3b ), and case 3 (Figure 3c ). This phenomenon is caused by the flow interaction from the different parameter of EMC properties. Figure 4 shows the possibility of the air trap or incomplete filling at 14 s of the package for all cases. The circles show in Figure 4 is the location of the high possibility of void formation that causes by air trap or incomplete filling during the process. Case 2 (Figure 4b ) is found to be lowest air trap volume during filling process. This is clearly presented in Figure 5 , which show fewer and smaller air trap regions for case 2. Decreasing of viscosity may be needed for case 1, case 2 and case 3 to reduce the possibility of the air trap in package. The viscosity of EMC gives the effect of filling process. The results are obtained from simulation analysis show the cases 2 and 3 have higher and faster filled of EMC volume compare with case 1. These filling phenomena are obviously shown in Figure 2 where the EMC with lowest viscosity (case 3) and the changes of the viscosity in case 2 have significantly affected the EMC filling during the encapsulation process. The comparison of simulation results between all cases from 1s to 11s is shown in Figure 6 . The predicted flow front shows the different profiles for three cases. At the initial stage (1 s), the simulation flow front profile is similar to all cases. The EMC flowed in the cavity without any obstacles before it reached the die or wires. So the EMC expanded ahead synchronously, and the melt front during this time tended to appear a smooth curve shape. This may be attributed to the lower flow resistance around the inlet gate as the encapsulant is allowed to enter freely through the inlet gate. However, at 3 to 5 s of filling time, the simulation displays different from case 1 with case 2 and case 3. In this state, the EMC encapsulant has already covered the half more of the silicon die and the flow front of case 1 shows a non-uniform curve shape profile around the silicon die region compared to the uniform shape profiles for case 2 and case 3. The effect of the gold wires and the die is obviously shown in the flow front profiles.
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The EMC in this region was retarded. At 7s of filling time, the flow front on the top of the die was concave, while the flow front around was convex. From 9 to 11 s, the EMC completely flowed over the area of the die and the gold wires, and filled the whole cavity. cases 2 and 3 show the faster flow compared with case 1 that is observed at 11s of filling time during the simulation. Comparison of EMC filling volume for three cases with difference parameter is presented in Figure 7 . 
Conversion of the compound
Degree of conversion reflects the cure development of the molding compound with time, and it can be quite straight forward to follow if the cure process occurred in static mode. However, during the dynamic mold filling process, other factors such as filling pressure, temperature change due to non-Newtonian flow behavior of the molding compound and shear rate variation within the mold cavity make the prediction of conversion level to be quite difficult. The top view of conversion distribution of the packages is presented in Figure 8 for different cases of material properties. It is observed that the conversion level is quite low at the cavity inlet gate, but higher around the package region. The predicted conversion of the mold compound at 14 s is 8.06e-01, 8.02e-01 and 7.75e01 for case 1, case 2 and case 3 respectively. This phenomenon is reasonable with the viscosity variation which shown in Figure 2 . This is predictable since the combination of the Castro-Macosko viscosity model and Kamal cure kinetics model have taken into account of two important factors, i.e. the dependence viscosity toward shear rate and dependence of conversion level (which also affects the viscosity of the molding compound) toward temperature.
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Mold filling of thermoset polymers consists of two competing events, which usually occur simultaneously during the process. These events are: a) reduction of viscosity with shear rate due to non-Newtonian behavior of the polymer fluid and b) increase in viscosity as the results of chemical reaction that occur during thermoset curing [1] . The success of the mold filling process for thermoset polymer relies greatly on the compromise of both events and their dependence on process temperature. The filling must be as fast as possible to take full advantage of the first event; but when it comes to intricate and restricted molding process such as IC package encapsulations, the filling process would not be as smooth as anticipated, due to the second event. This is quite true close to the package region where it is estimated that the melt front velocity is slower enough to cause initiation of the second event. In addition, the slower the fluid flows in these regions; more contact time is available for the compound to absorb heat from the mold surfaces which enhances the degree of conversion as observed in the simulation results.
Model Validation
This simulation result is substantiated by the experimental results of Chen YR. [15] by using the similar PBGA size, operating condition and material properties as in the present numerical study. The comparison of simulation and experimental results for the melt front profiles is shown in Figure 9 . The predictions of flow front profiles and percentage of mold filling are well matching with the experimental results at all stage of filling. The percentage of filled volume at various stages is compared in Figure 9 . UDFs allow a user to customize FLUENT and can significantly enhance its capabilities. Based on the observation (Figure 9 ), the experiment and simulation of melt front come to close match with each other except on a number of voids observed in the experiment. The shape of the melt fronts began to diverge as they contact the leading edge of the dies. One melt front is located directly above the dies and the other located on either side of the dies. The effect of dies is clearly shown in the melt fronts. The flow is retarded in this region due to flow resistant, causing the flows in other regions to advance. The results indicate that the simulation's results are in good agreement with the experimental results.
The experimental results of short shot at the different percentage of filled volume are compared with the simulation results. Figure 9 demonstrates to melt front advancement of PBGA for both experimental and simulation results from 23% to 89%. The experimental results were performed by the previous researcher [15] . At initial stage, 23% of EMC filled volume; top view of the current simulation result shows the almost similar flow front profile to the experiment. This is obviously shown in 41% of EMC filled volumes; the simulation result is well matched with the experimental result. For 53 to 66% of EMC filled volume, the flow front on top of the die was concave, while the flow front around was convex. The simulation results show that the flow front on top of the die dropped behind more than the experimental results except that in the middle of the die. The differences with the experimental result might be attributed to the geometric model. The results show the faster flow front at the free region which has no silicon die present. At 89% of EMC filled volume; the material has already covered the half more of the silicon die. In this state, the experimental flow front shows a little difference on the silicon die compared to current result. The flow profile shows a non-uniform curve shape compared to the uniform shape around the silicon die. However, at 66% of filling stage, the good agreement of flow profile is found for both results. The slower flow front is observed in 89% for the experimental result, due to the higher density of wire bonding in the actual package. In overall, the FLUENT prediction gives the better agreement to experimental results. Figure 10 shows the percentage volume of melt fronts during filling process. The approximate volume of melt fronts is calculated from the experimental work [15] by taking an area melt front. The results also show the comparison between experimental measurement, and numerical simulation has a good agreement. 
Conclusion
The analysis of mould flow of the encapsulation process for PBGA, with the specific purpose of studying the effect of rheology is presented. The parameters, such as viscosity and cure effect, that influence the molding quality, are also incorporated into the simulation. Three different types of EMCs properties have been investigated. The parameters of EMC properties give effect to encapsulation result in electronics packaging process.
The plastic package's encapsulation process is investigated numerically using GAMBIT and FLUENT and validated with the experimental results using FVM based simulation study. The three dimensional PBGA is simulated to study the flow visualization in different parameter of EMC properties of the process. The viscosity of the EMC gives the significant effect to the void formation and flow front profile in the encapsulation process. The variation of the viscosity in case 2 yields lower void formation and filling time compared to cases 1 and 3. However, case 1 with greater viscosity is found higher in pressure distribution than cases 2 and 3. The increases of pressure distribution during the encapsulation process will cause the undesired wire deformation and also fracture at the wire bonding.
The numerical results of melt front patterns and filled volume are compared with the previous experimental results and found in good agreement. This present work is expected to be a reference and guideline for improvement and design consideration in microelectronics industry. Future work will focus on evaluating the impact of various parameters ultimately inputting these correlations into an analytical numerical model for predicting maximum wire displacement.
